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Abstract

Diadema antillarum (Philippi) is a common echinoid
grazer in Caribbean reef areas.
st . Croix, u.s.v.r.

Field observations in

.

and Discovery
Bay, Jamaica and labor.

atory experiments demonstrate that these urchins have a
strong feeding preference for algal turf.

Seasonal varia-

tion in the abundance of this preferred food item results
in increased incidences of live coral predation.

Experi-

mental manipulations demonstrate that over the short term
food availability is more important than urchin density
in determining prey item choice.
Size and abundance data show an inverse relationship
between urchin density and mean individual urchin size.
There is also an inverse relationship between urchin density and algal turf abundance.

This relationship is also

shown experimentally as well as the effects of urchin grazing intensity on algal primary productivity and the numbers of algal species surviving.

Tagging experiments dem-

onstrate that homing behavior exists for these urchins.
A simple model is presented to summarize factors regulating
Diadem a populations and their effects on the benthic algal
community.
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Introduction

A relatively recent body of ecological theory has
(Emlen, 1966,

centered on the concept of the optimal diet

1968; MacArthur and Pianka, 1966; Schoener, 1971; Pulliam,
1974; Rapport, 1971; Katz, 1974; Estabrook and Dunham,
1976).

The application of optimization theory has re-

sulted in the construction of simple models of optimal
diets and foraging strategies which assume that the fitness of a forager is maximized by the optimal allocation
of time and energy when in search of food (Pyke et al.,

1977).

These models have been reasonably well supported

by empirical and experimental data (see Pyke et al., 1977
for a review).
The effects of these foragers on their

and the

~rey

subsequent effects on the surrounding community have been
demonstrated for various animals and habitat types

(Paine,

1966; Paine and Vadas, 1969; Lubchenco, 1978; Connell, 1970;
Harper, 1969; Menge,

1976; Hall et al., 1970).

regulating the populations of these foragers

Factors

then have an

effect on the distributions and abundances of their prey
species and on the community structure.
Echinoids are a widespread class of foragers

and

their food habits are as varied as the habitats in which
they occur (L a wr e nce, 1975).

Diad e ma a ntillarum (Philippi)
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is a conspicuous inhabitant of Ca ribbean coral reef comData present e d here d e monstrate the effects

munities.

of grazing by this urchin on the benthic algal community
as a result of their foraging strategy and the reciprocal effect of algal abundance in controlling these urchin
populations.
the factors
studied,

A simple model is presented whi c h summarizes
regulating Diadema popul a tions in the areas

and their subsequent effects on the benthic algal

community.
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Study

pite~,

Methods and Materials

This study was conducted between December, 1977 and
Septe mber, 1978 at 10 sites; 8 within the Buck Island

.

Reef National Monument and 2' on the Tague Bay reef, St.
Croix, U.S. Virgin Islands.

Comparative sites were studied

at 3 locations on the south shore of St. Croix and 2 areas
at Discovery Bay, Jamaica.
shown in Fig. 1.

Locations of study sites are

Sites were chosen where some evidence

of coral predation by Diadema existed.

Scars left on coral

recently preyed on by Diadema are as described by Bak and
Van Eys

(1975) and are shown in Fig. 2.

All sites were

either small lagoonal patch reefs or small sections in the
backreef of bank barrier reefs.

Areas of sites ranged

2
from 150-300 m and depths were between l

and 3 meters.

Two areas at Robin Bay were forereef sites with a depth
of 7.5 m and one area was in the backreef with a depth of
l

m.

Both Discovery Bay sites were forereef areas,

one

shallow (3m) and the other moderate in depth (l0.5m).
At each of the Buck Island and Tague Bay sites,
arbitrary 10 meter transects were established.

3

Substratum

complexity was measured using the contoured chain method
described by Porter (1972).

The chain was

c~ntoured

to

the substratum along each of the 3 transects including
crevices judged large enough for use by urchins.

The
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length of chain needed to cover 10 linear meters by this
method was then divided by 10 meters to obtain a spatial
heterogeneity index.

At the Robin Bay sites, only 2 meter

transects were used and at Discovery Bay the shallow forereef transect was 33 meters and the deep forereef transect
was 20 meters.

Spatial heterogeneity indices were obtained

for each meter of each transect at all the comparative sites.
Substratum cover was determined for all areas by estimating the percent cover of various components in 10 contiguous square meters along the established transects.

A

meter square divided into quarters was laid over each meter
of transect and the three-dimensional percent cover of each
2
component was estimated in e~ch of the .25m , yielding
replicates per meter.

4

When estimating the three-dimension-

al cover, again only that area judged accessible to urchins
was included.

The following components were recorded; live

coral (by species), algal turf, macro-algae,
and sand.

coralline algae

This was done in the summer only.

Diadema densities, sizes and prey items were determined
in each of the study areas.

All Diadema occurring .5 meter

either side of the transect were measured to the nearest
millimeter with long-jawed calipers at the maximum test
diameter.
corded.

If the urchin was feeding,

the prey item was re-

The number of urchins in each square meter was de-

termined in all meters of all transects.

Measurements and

observations were made between 1800- 2 300 hours since Di a dem a
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is primarily a

1973).

nocturnal feeder (Lewis, 1964; Ogden et al.,

Buck Island and Tague Bay sites were sampled both

in January and July.

Robin Bay areas were sampled in July,

and Discovery Bay locations in August.
Previous studies have indicated that the a l gal turfs
are fed on extensively by Diadema (Sammarco et al., 1974;
Atkinson et al., 1973; Ogden et al., 1973; Lewis, 1964).
For the purposes of this study, algal turf was defined as
the thin algal mat that covers dead coral and reef rubble
surfaces.

It does not include macro-algal species, those

large enough to be readily identified in the field.

Algal

turf biomass was determined for each of the main sites from
5 randomly arranged 25 em
sects.

2

quadrats from each of the

~ran-

The 5 samples from each transect were pooled to

homogenize within transect variance.
composite samples per area.

This resulted in 3

The samples were obtained by

scraping the substratum to a depth of at least 3 mm and
collecting it in an airlift with a #10 Nytex collecting
bag.

The airlift consisted of a 66 em section of PVC pipe

connected to the first stage of a SCUBA regulator.

Air

flowed from a SCUBA cylinder into the bottom of the PVC pipe
and out the top creating a water vacuum effect.

Particles

in the water drawn up through the pipe were then trapped
in the collecting bag affixed to the top.

Samples were de-

calcified in 10% phosphoric acid, filtered and then dried
for 24 hours at 65°C and weighed on an analytical balance.
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Algal turf biomass was determined in January and July for
all Buck Island and Tague Bay sites.

Algal turf biomass

was not determined for the other sites.
To confirm that Diadema were ingesting the live coral,
guts from 50 urchins that were observed to be feeding on

.

live coral were examined for' the presence of zooxanthellae
and nematocysts.

All dissections were done within 1 hour

after collection.
Gonad weights were obtained for 25 urchins feeding on
algal turf in an area of little urchin predation on live
coral, and for 25 urchins feeding on live coral from an area
of extensive urchin predation.

After collection, maximum

test diameter was measured, the peristomial membrane cut,
and the coelomic fluid allowed to drain for 15 minutes.
Urchins were then weighed to the nearest tenth of a gram
and the gonads excised and weighed.

The gonad index is

the gonad weight expressed as a percent of the drained body
weight.
To test the effect of urchin density and prey availability on the mcidence of coral predation,

4

completely en-

closed cages 1 meter high and 1 meter square were placed in
a backreef area and the urchin density and prey availability
they contained was varied.

Cage mesh was hexagonal, galvan-

ized chicken coop wire, 2 em on a side and excluded all adult
fish grazers.

Juvenile Scarids and Acanthurids were frequent-

ly observed in the cages.

Two cages contained five urchins,
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the other tw0 contained 25.
cages was controlled.

The size

of urchins in the

Urchin density in the surrounding

area was determined to be 4.2/m 2 .

In 2 cages (1 of each

density), prey availability was 90% coral (Montastrea
annularis) and 10% algal turf.

In the other 2 cages the

prey availability was 90% algal turf and 10% coral (Mantastrea annularis).
for a month.

Nocturnal feeding observations were made

This experiment was repe a ted.

Ca g es were

scrubbed periodically to prevent algal growth.
To examine the effects of varying urchin grazing intensities on the benthic algal community, six 1 meter square
by .5 meter high cages were anchored to the substratum and
urchins were included at varying densities.
contained 0, 8, and 16 urchins.

Paired cages

Cage mesh was the same di-

mensions as given for the aforementioned cages.

Algal pro-

ductivity was estimated after 35, 113, l70 and 302 days.
Algal primary productivity was estimated using light and
dark plexiglass domes sealed to the substratum with a neoprene
rubber collar.

Domes were approximately 2.2 liters in volume

and 545 cm 2 in basal area.

Incubations were for 1 hour during

which time dome contents were agitated to simulate natural
water movement using propeller type stirrers that passed through
a water tight rubber gasket in the top of the domes.

After

l hour water samples were withdrawn with a syringe and fixed
immediately.

Primary production was estimated from oxygen

uptake in the domes measured by standard Winkler oxygen de-
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terminations

(Strickland and Parsons, 1962).

After 302 days,

samples were also taken for algal bio-

The samples for biomass esti2
.
mation were taken from 2 random 25 em quadrats from each

mass and species composition.

cage and were collected as described for the field algal
biomass samples.
from 2 random 1 em

Enumeration of algal species was obtained

2

samples from each cage.

To study urchin movements and feeding ranges,

30 urch-

ins of various sizes were tagged at different locations.
Tags were made of colored neoprene rubber cut into discs
1 em in diameter with a small hole in the center.

This cen-

ter hole was stretched over the end of a 1 ml pipette.

The

pipette was enclosed in a length of glass tubing shorter
than the pipette, that allowed it to slide freely inside.
To tag an urchin, the pipette was carefully slid over an
urchin spine until it reached the base.
was then used to push the tag

The glass tubing

off the pipette onto the spine.

The small center hole of the tag constricted around the base
of the spine and urchins were unable to work them off for
periods ranging up to 3 weeks.
2 weeks.

Urchins were retagged every

The location of the urchin when initially tagged

and the urchin size (maximum test diameter) were noted.
the 30 urchins originally tagged,

data we r e c ol l e cted o n a

regular basis from only 10 f o r time p e ri o ds r a n g in g from
a week to a month.

Of

Loss of tags or urchin mortality pre-

vented data collection from the other 20 tagged urchins.

-J.c-

Diadema are primarily nocturnal feeders

(Ogden et al., 1973;

Lewis, 1964; personal observations) and l e av e th e ir pr o Although this

tective crevices at dusk to graze until dawn.

behavior is variable (i.e. some urchins are never in crevices
a~d

appear to feed all day, some urchins start grazing before

dusk), it seems to be applicable to most individuals.

Using

sunset as a baseline time, urchin positions were recorded
at various times after sunset.

The linear distance from the

original tagging location to the nocturnal positon was measured and used as an estimate of grazing -range.

This was done

once a night for each urchin between 1930-2300 hours .

The

following day urchin position was again recorded and the distance from the original tagging location measured.
tion was then the origin of grazing that night.
done on the average of

This posi-

This was

5-6 nights per week for a month.

Laboratory food preference tests were conducted that
combined the effects of chemoreceptive and gustatory preferences and are similar to preference tests described by Vadas
(1977).

A rectangular water table, 1 meter by 1.5 meters

and .2 meters high was arranged with a center drain and water
flows in each corner.

The bottom of the table was marked

into four rectangles and equal areas

2

(225 em ) of prey items

were plac e d in each corner so that the water flowed over
them.

Location of each prey item was assigned randomly at

the beginning of

each testing session.

into 3 size class es ; small (less than

Urchins were divided

45 mm), me dium (45-60 mm)

and large (greater than

60 mm).

For each test 3 urchins

(1 from each size class) were placed in the center of the
table and their positions recorded at 15 minute intervals
for 2 hours.

A total of 10 urchins from each size class

were tested.

All tests were done in darkness and water

flows were equalized at the beginning of each testing period.
Water was allowed to flow over prey items for at least 10
minutes before urchins were placed in the table.
tested were live coral (Montastrea annularis),

Prey items

algal turf,

crustose coralline algae and 1 species of macro-algae (Dictyota
spp. ).
Description of all statistical methods used may be found
in Sakal and Rohlf

(1969).

Analysis of variance will be re-

ferred to an ANOVA and analysis of covariance as ANCOVA.
Unless specified otherwise, the only urchins referred to are
Diadema antillarum.

Results
Substr a tum Cov e rage and Spatial Heterogeneity

Substratum coverage and heterogeneity indices are shown
in Fig.

3.

Live corar cover ranged from 0 to 35%.

Areas

BI-5, BI-6, TB-1 and TB-2 had live coral cover over 10%.
Areas BI-1, BI-2, BI-3, BI-4, BI-7 and BI-8 all had coverage
between 5-10%.

Higher live coral coverage occurred at compar-

ative sites at Discovery Bay and 1 area at Robin Bay.

All

these areas were forereef locations, explaining the increased
coral cover.

The other Robin Bay sites had no live coral

cover.
Algal turf coverage ranged from 24-lOO%.
at Robin Bay with no live coral
cover.

cove~

The two areas

had 100% algal turf

Those forereef sites with very high -live coral cover

had the lowest algal turf coverage.

Areas BI-1, BI-3, BI-4

and BI-8 all had between 70-85% algal turf cover, while BI-2,
BI-5, BI-6, BI-7, TB-1 and TB-2 had less than 65% cover of
algal turf.
Macro-algae were not abundant at any site.

Areas BI-3,

BI-4 and BI-6 had the highest cover with between 3-6%.

Dis-

covery Bay and Robin Bay sites had no cover of macro-algae.
Coralline algal cover varied from 0-32% with the highest
cover occurring where the urchin grazing intensity was the

-.l)-

great~st

in areas BI-2, BI-8, DB-1 and RB-1.

all other areas was less than

Coverage at

3%.

Sand coverage was highly variable as can be seen by the
large standard errors (Fig.
BI-6, BI-7 and BI-8.
comparative sites.

3).

Cover was high in areas BI-2,

No sand cover occurred in any of the
In other areas sand cover was between

4-15%.
There was no significant differences in spatial heterogeneity between areas when the forereef comparative sites
were excluded (ANOVA).

The habitat space that is important

to urchins is the number and relative sizes of crevices and
holes for diurnal protection.
to QUantify this parameter.

A more refined method is needed
The results of the method used

do show that the comparative forereef sites at Robin Bay and
Discovery Bay are much more spatially complex than the main
study areas.

Urchin Populations

Mean urchin densities and mean individual sizes for each
site are summarized in Table 1 for both winter and summer.
There are no significant differences between winter and summer urchiu densities at any site (ANOVA).

The relationship

between mean urchin density and mean individual urchin size
is shown in Fig.

4.

The difference

between the slopes of

the lines representing winter and summer data were found to

-.Lb-

be non-significant (ANCOVA).

Therefore the data can be rep-

resented by a single pooled regression line.

When this pooled

line was calculated both including and excluding the Robin
Bay and Discovery Bay data,

the difference between the slopes

of the lines was also found to be non-significant

(ANCOVA).

This suggests a general relationship between urchin density
and mean individual size, represented by the regression equation, log y

=

1.930- 0.023 x , obtained from the above pooled

The line is highly significant (P ((0.001).

data.

The percent of the feeding urchin population that were
preying on live coral at each of the main study sites in both
winter and summer is shown in Fig.

5.

The incidence of coral

predation was significantly higher in winter than in summer

(P (0.05, two-way ANOVA).

Differences between areas were

found to be non-significant.
t o be s i g n i f i c ant ( P

<0 . 0 0 5 )

The interaction term was found
s u g g e s t i n g t h at the s e as on a 1

variation had more of an effect on the incidence of coral
predation at some areas than at others.

Algal Turf Biomass

Mean algal turf biomass in winter and summer is shown
in Fig.

6 for all main study sites.

A two-way ANOVA showed

that there were significant differences in algal biomass between seasons

(P<0.05) and areas (P(0.005).

Summer algal

biomass was greater than winter values at all sites.
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The relationship between urchin density and summer algal
turf biomass for both field and experimental conditions is
shown in Fig.

7.

The lower line, representing the field data

is described by the regression, logy= 1.838- 0.042 x ,

( P( 0. 001).

The upper line is for the experimental inclusion-

exclusion cages and is described by the regression,
logy:: 2.231- 0.030

X,

(Pc(0.005).

The slopes of these

lines were found to be not significantly different by ANCOVA.
This clearly shows that the intensity of urchin grazing is
capable of regulating algal abundance.
Ranks of the mean individual urchin sizes for the 10
major study sites are plotted against the ranks of the respective algal turf abundances at those sites in Fig.

8.

There

is a significant positive correlation between algal turf abundance and the mean individual urchin size (P(O.Ol, Kendall's
coefficient of rank correlation).

Urchin Feeding, Gut Contents and Gonad Indices

The coral species that Diadema was observed to feed on
during the course of this study are listed in Table 2.

Urchin

predation on live coral was observed in a variety of habitat
types, . from.shallow patch reef and backreef environments down
to a depth of 30 meters.

There were no significant differ-

ences betw ee n the sizes of those urchins feeding on coral and
those feeding on other prey types at any of the 10 major study

sites or at the compar a tive .sites.
Emlen curves (Emlen, 1966, 1968) plotting the availability of a food item against how often that food item is
eaten are shown in Fig. 9.
entially at all study sites.

Algal turf was fed on preferCoral was avoided at all sites

except BI-7 where it was fed on according to its availability.
Macro-algae were strongly avoided at all sites but BI-5.

At

this site 3 urchins were observed to be feeding on macroalgae, l

on Halimeda spp. and 2 on Dictyota spp ..

Coralline

algae were avoided at all sites but BI-4 where 3 urchins were
observed feeding on crustose forms.
Plots of the same parameters from the comparative sites
at Discovery Bay show the same preference for algal turf.
the shallow forereef area where coralline algae

At

were abundant

(31.64%) and algal turf less abundant (24.42%), coralline
algae were fed on in relation to their availability.
deep forereef (DB-2), coralline algae were avoided.

On the
Live

coral was avoided at both sites.
Gut contents from 50 urchins ranging in size from 28-83 mm
maximum test diameter with a mean of 43.71 mm, were all found
to contain both zooxanthellae and nematocysts.
what was demonstrated by Bak and Van Eys

This confirms

(1975).

Gonad weights are expressed as the percent of the drained
body weight and are given in Table 3.

ANOVA showed no signi-

ficant difference between gonad indices of coral feeding urchins
and those from urchins feeding on algal turf.

Experimental Manipulations

Results of the inclusion cage experiments (Table

4),

where urchin density and prey availability were varied,
that over the short term of these experiments

show

(l month), urchin

density had no significant effect on the incidence of coral
predation.
(P

< 0. 001,

Prey availability had a highly significant effect
t-test).

Where algal turf was abundant ( 90%),

little or no coral predation was observed.

When algal turf

was rare (10%), 35-50% of the urchins were observed to be
feeding on the more abundant prey type (coral).
The relationship between urchin density and algal turf
biomass in inclusion-exclusion cages is shown in Fig. 7.

No

significant difference between the slopes of the lines were
found by ANCOVA.

The cage algal biomass reflects mostly the

effects of urchin grazing since most fish grazers were excluded.
Algal primary productivity in the cages over the course
of the experiment is shown in Fig. 10.

A two-way ANOVA over

times and treatments showed significant differences between
times (P(0.005) and treatments (P(O.Ol).

After 302 days,

algal productivity was greatest in the cages containing intermediate urchin densities.

Absolute primary productivity rates

are low when compared to other available data on algal turf
productivities (Doty, l97l; Adey, pers.

comm. ).

Although

effort s we re made to simulat e natural conditions, th e low

rates are probably the result of a lack of adequate water
circulation in the productivity chambers.

Since methods were

consistent for all samplings, comparisons of the relative rates
are valid.
The

numb~rs

of algal species surviving in each cage type

(Fig. 11) were analyzed by orthogonal polynomial ANOVA which
showed a significant difference between grazing treatments

(P(0.005) and a significant quadratic trend (P<O.OOl).
linear trend was not significant.

The

The greatest number of al-

gal species also occurred in the cages containing intermediate
densities of urchins.
Algal species composition differed in the grazed and ungrazed cages.

Of the 12 species in the ungrazed cages, 3

were macro-algae which are generally uncharacteristic of normal turf areas susceptible to urchin grazing.

There were no

clear differences between the grazing treatments.

Urchin Tagging

Sizes of tagged urchins
in maximum test diameter.

(Table 5) ranged from 50-107 mm

Also given are the percent of pas-

sible times that each urchin returned to the original tagging
location and the mean estimate of grazing range for each urchin.
Large urchins returned to their original tagging locations
more often than small urchins.

Several large urchins were

observed to return to the same crevice for over 3 weeks.
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There was no clear tr end between urchin size and the estimat e
of the grazing range.

Laboratory Food Preference Tests

Results of food preference tests are given in Table

6.

Since position of the urchins was found to be relatively stable
after they had been in the tank for 45 minutes, the analysis
of preference was based on the position of the urchins after
l hour.

Because 4 prey items were used, random expectation

that an urchin would be found at any given prey item was .25.
The data were analyzed as
tion.

devi~tions

from this random expebta-

Chi.-sq_uar e v alues were highly significant (P<0.005)

for all size clas s es.
classes.

Algal turf was preferred by all size

No urchins were observed to choose coralline algae

as a food item.

Coral was not chosen by any 6f the large ur-

chins and was preferred by only l

small and l medium urchin.

These results are in accord with the foregoing field observations.
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Discus s ion and Conclusions

Feeding data based on the analysis of gut contents show
that Diadema feeds on the most abundant food items available.
In seagrass beds and the perimeter of patch reefs surrounded
by such beds, the most abundant food item in the gut was
Thalassia testudinum, the dominant constitu e nt of the seagrass
bed (Ogden et al., 1973; Atkinson et al., 1973; Randall et al.,
On crustose coralline algal covered pavements, coralline algae comprised the majority of food items consumed
(Hawkins, pers. comm. ).

On patch reefs and other algal dom-

inated substrata, algae were eaten most often (Ogden et al.,

1973; Lewis, 1964; Atkinson et al., 1973).

Sand was found

most often in the gut contents from urchins found in sand
habitats (Lewis, 1964).

This important tropical urchin has

been described as an omnivore (Mortensen, 1940), a generalized
herbivore (Lewis, 1964) and as an herbivorous specialist
(Atkinson et al., 1973).

Data from this study indicate that

Diadema is a selective herbivore on algal turf in patch, back
and forereef areas.

The abundance of this preferred food

item is the key to the foraging strategy of these urchins.
The data demonstrate that there is seasonal variation
in algal turf abundance.

Inclusion cage experiments show

that over the short term, food availability is more important
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than urehin density in controlling the incidence of coral
predation.

When algal turf is abundant, it is fed on al-

most exclusively, when rare,

alternate food types are eaten.

Over the long term, urchin density would be expected to have
a significant effect on food item choice since higher densities lead to lowered algal abundances

(Fig.

7).

This is

consistent with the prediction (Pyke et al., 1977) that the
inclusion of an item in the diet is dependent only on the
abundances of food items of higher rank.

Food items are

ranked according to preference, which are presumably based
on energetic optima.

Whether an urchin feeds on live coral

is dependent on the availability of algal turf (the highest
ranked item), not on the abundance of coral.
The increases in algal turf abundances in summer were
accompanied by decreases in coral predation.

This is sup-

portive of another prediction of the optimal foraging model;
as the abundance of a preferred food item increases, the numbers of less preferred food items in the diet should decrease.
Increases in the abundance of

a~gal

turf led to greater feed-

ing specialization on it and subsequent reduction in coral
predation.

This seasonal switching in response to temporal

variation in preferred food abundance has also been demonstrated for a tropical bird species, where the alternate food
item was both nutritionally and energetically inferior, _ and
therefore of lower rank (Foster, 1977).
Food item preference is defined here as selective
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feedin g on an item at a higher rate than would be expected
from it s availability.

Previous studies have stated that

Diad e ma prefer the algal turf specie s , Herpo s iphonia secunda,
based on analysis of gut contents
Ogden,

1976).

(Atkinson et al.,

1973;

Th e relative abundance of this species was re-

ported to be greater than 90%, yet it accounted for only 24%
of the gut contents.

This falls far below the availability

line on an Emlen curve and actually represents
of this species.

avo~dance

Assessment of food item preferences from

analysis of gut contents may be misleading for two reasons;
as Leighton

(1966) has pointed out, gut contents reveal what

an urchin has been eating, not what it prefers to eat, and it
has been recently demonstrated for temperate, west coast urchin s that the energy assimilable is positively correlated
with food preferences and components of fitness such as growth
and reproductive capacity (Vadas,

1977).

Those food items

remaining in the gut may represent those food types less easily digested and absorbed.

Feeding observations provide a more

reliable estimate of feeding preferences if the availability
of all food types is known.

Such data is presented in Fig. 9

and clearly indicates that Diadema prefer algal turf.
other food types are avoided.

All

This is supported py the lab-

oratory food preference test results

(Table

6).

Whether these

urchins prefer one or more of these morphologic a lly similar
algal species comprising algal turfs, has yet to be demonstrated.
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Data from both the . .f..i.e.J_d and inclusion-exclusion cages
demonstrate that Diadema grazing has a significant effect
on algal biomass.

This decrease in algal abundance with in-

creasing urchin density has been shown previou sl y for Diadema
by. Sammarco et al.

(1974) and for a variety of other echinoids

(Paine and Vadas, 1969; Kitching and Ebling, 1961; Leighton,

.

1971; Dart, 1972; Vadas, 1977} and other grazers (Stephenson
and · Searles,

1961; Southward, 1964; Randall, 1965; Earle,

1972; Wanders, 1977; Lubchenco, 197 8 ).

Removal of grazing

by Diadema led to a shift in the community structure with
changes in algal species numbers and composition.

The num-

ber of algal species surviving in the cages was greatest at
intermediate grazing intensities, where the competitive dominants were presumably disturbed often enough to allow less
efficient competitors to survive.

In the absence of grazing,

competitive exclusion of these inferior competitors occurred
and at high grazing intensities, survival of most species was
limited.

This phenomenon has been documented in carnivore-

herbivore (Paine, 1966; Dayton, 1971) and herbivore-algal
(Lubchenco, 1978) interactions, in a coral community affected
by storms

(Connell, 1978) and may be operating in tropical

rain forests subjected to human interference

(Connell, 1978).

The presence of macro-algal species in the ungrazed
cages which are uncharacteristic of normal turf areas available to urchin grazing,

suggests that Diad ema may prevent

successional dominance by macro-algae.

Although feeding
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observations and gut contents analysis indicate that urchins
avoid macro-algae, they may inadvertently ingest germlings and
thereby control macro-algal abundance in those areas susceptible to such grazing.

Sammarco et al.

(1974) also found

that macro-algal abundance increased when all Diadema were
removed from an entire patch reef, but fish grazing was unaffected.

This suggests that urchins are more important than

herbivorous fishes in controlling macro-algal abundance, eventhough these fishes are known to feed on them (Ogden,
Randall,

1967).

1976;

The minimal amount of grazing by Diadema

necessary to prevent macro-algal dominance is not known but
should be easily estimated experimentally.
The data on algal productivity in the inclusion-exclusion cages demonstrate that urchin grazing also has a significant effect on algal primary productivity.

Maximal pro-

ductivity rates occurred in those cages with intermediate
grazing intensities.

Whether this is the result of herbi-

vore-plant coevolution or of the reduction of shading due to
reduced algal abundance as a result of grazing has yet to be
determined.

Other studies have shown that herbivores are

capable of increasing plant productivity in both terrestrial
and aquatic environments
Bokhari,

(Mattson and Addy,

1975; Dyer and

1976; Porter, 1976).

The experimental manipulations show that urchin grazing
has significant effects on the benthic algal community.

In

addition, urchin grazing would be expected to have some ef-

fects on sessile, benthic organisms.

Ebert

experimentally for the west coast ur chi ns,

(1977) has shown
Strongylocentrotus

purpur at us and Strongylocentrotus franciscanus,

that the abun-

dances of certain sessile, benthic invertebrates were related
to the densitie s of these urchins.

He suggests that this may

be a direct response as a result of disturbance of larvai
settlement or an indirect response of these organisms to a
habitat type preference (some may prefer algal dominated habitats, therefore fewer urchins, whereas others may be outcompeted for space by algae and therefore prefer areas where
higher urchin densities have lowered alga l
et al.

abundance).

Sammarco

(1974) suggested that Diadema grazing may control the

distributions and abundances of benthic epifauna, including
newly settled coral planulae.

Urchin predation on live coral

provides primary space for settlement of algae and epibenthic
organisms and in this minner may further affect benthic community structure.

Quantification of areas opened for settle-

ment by live coral predation and subsequent successional events
are needed.
The relationship between algal abundance and the mean
individual urchin size (Fig.

8) is consistent with Ebert's

prediction for temperate, west coast urchins, that food abundance limits the maximum size that urchins can attain (Ebert,

1968,1977).

Vadas

(1977) found that both the quantity and

quality of algae were important in determining the growth
rates of urchins,

and th e refore their size.

As a result,

-co-

urchin sizes among areas may not be an indication of age
as much of an indication of food availability in their habitat.
The tagging experiment results indicate that homing behavior exists for Diadema.

A previous study suggested this

possibility, but tagging methods were not long term so that
repeated homing could be observed (Shy and Wu,
behavi~r

1973).

Homing

should have a considerable effect on the foraging

strategy of an urchin.

Areas close to the home crevice will

be grazed repeatedly while those farther away will be . grazed
less frequently.
it is moving.

This assumes that an urchin grazes while

Optimal foraging theory shows this to be ener-

getically feasible

(Schoener,

1971; MacArthur and Pianka, 1966).

The size of the grazing range could be controlled by several
factors;

urchin size (energy needs),

feeding efficiency, algal

abundance in the vicinity of the crevice, mobility of the urchin (how far an urchin can graze and still return to its
crevice by dawn),

and the density of urchins in the area.

The possibility that these urchins are maintaining an optimal
yield by "prudent" grazing is being investigated further.
The relationship between urchin density and the mean
individual size is a general one (Fig.

4).

Data from the

Diadema populations at Robin Bay and Discovery Bay is consistant with that obtained from the major study sites.

Al-

gal biomass is limited by the urchin density and the algal
abundance limits urchin size.

Similar relationships between

urchin density and size were found by Ebert

(1968) and Vadas

( 19 7 7) .

The impact of fish grazing on urchin size as a re-

sult of their effects on algal abundance have not been quantitatively studied.
The data presented in this study support key points in
the following model of the control of Diadema populations
and their effects on the benthic algal community,

as shown

in Fig. 12.
Factors controlling the settlement of juveniles are not
known.

Whether aggregative settlement occurs or if juveniles

selectively settle where there are adult urchins is a matter
of conjecture, but personal observations suggest that the
latter is correct since single juveniles less than 5 mm have
been observed in the study sites.

Although no data exist

for this species on settlement preferences or differential
survival in varying habitat types, it appears that some combination of "habitat suitability" factors probably control
initial settlement of juveniles.
Randall

(1967) lists fifteen species of fishes in the

Caribbean in which at least 2% of the gut contents were
Diadema remains.

All are diurnal predators or scavengers.

Also listed as containing urchin remains were two species of
helmet shells

(Cassis tuberosa and Cassis madagascariensis)

and the spiny lobster (Panuluris argus).

The abundances of

these predators would have a controlling effect on the urchin populations.

However, Diadema has a refuge in both

time and space from diurnal predators since they hide in
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crevices

(if available) during the day and forage at night.

As a result the intensity of predation should determine the
importance of refuge space availability.
high,

If predation is

crevice availability would limit the urchin density

since those

ur~hins

not being able to find diurnal protec-

tion would have a high probability of being eaten.
tion is low,

If preda-

then refuge space would become less important.

The intensity of predation in the area of the study sites
was

judged to be low.

Evidence of predation (crushed tests

and spines) was observed on occasion but it was not common.
Data from 50 diurnal and 9 nocturnal fish censuses in the
area of the Buck Island study sites indicated that fish
predators were not abundant.

Only one species, the Pudding-

wife (Halichoeres radiatus), had a mean abundance greater
than one fish per census.

The abundances of helmet shells

and lobsters were not determined.
As a result of this apparent low intensity of predation,
the role of habitat space in determining urchin density is
reduced.

In the absence of significant predation pressure,

intraspecific competition for food would be expected to regulate urchin density.

Once density of urchins in an area is

limited, this density limits algal abundance.

The importance

of other grazers in limiting algal abundance in conjunction
with Diadema grazing has not been demonstrated.

Depending

on the urchin density (grazing intensity), the algal species
numbers, composition and productivity are also regulated.

-31-

Urchin size is then limited by algal abundance.

This model

produces testable hypotheses about the factors regulating
Diadema populations.

Demonstration of factors affecting

juvenile settlement is needed.

Quantification of predation

and experimental manipulation with various predators would
clarify the role of

predation in controlling urchin density.

The effects of habitat space availability on urchin density
and on the homing behavior and foraging strategies of urchins
is currently under investigation.
These data, in conjunction with the recent demonstration
that urchins are capable of limiting reef growth in the

,

Galapagos as a result of their abundance and feeding strategy
(Glynn et al., 1979), indicates the need for more experimental
studies on the factors regulating their distributions and
abundances and the effects of urchin grazing in coral reef
communities.

-32-
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Table Legends_

Table 1- Mean urchin densities + S.D.
urchin sizes + S.D.

and mean individual

for winter and summer for all

study sites.
Table 2- List of coral species that Diadema was observed to
have fed on during the course of the study.
Table 3- Mean size + S.D.

and mean gonad indices + $.D.

for

urchins found feeding on algae and live coral.

The

gonad index is the gonad weight expressed as a percent of the drained body weight.

ANOVA showed no

significant difference between the gonad indices
from the two groups of urchins.
Table

4-

Results of inclusion cage experiments where prey
availability and urchin density were varied.

The

incidence of coral predation was significantly
higher in those cages containing high coral cover
(P<O.OOl, t-test).

Differences between density

treatments were not significant.
Table

5- Results of tagging experiments.

Table

6- Results of laboratory food preference tests.

·-··· .. _..........
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....

~~~~-~~

Table

s

Wint er
I

mean urchin
density ,1m2

Area
BT-l
BI-2
BI-3
BI-4
BI-5

I

+

~-90 -,-- 3.05

~1.33 2:. 7.68
~.00 2:. 1.95
I

+

mean indiv.
size (mm)

N

+

61.00- 9.30

30

+

40.70- 6.03

30

62.80 2:.10.21

30

3.67-1.85

30

73.60 2:. 11.48

+ l. 86

30

72.03- 9.41

J572:.0.45

30

77-38- 8.04

J 43

+

mean urchin

mean indiv.
size (rnm)

N

1 density/m2

104

2.93- 2.13
30
i13.73 2:. 10._11 . 30

233
81+

N

+

+

2.40-1.90
+

77

3.17- 2.25

51

1.63-1.83

47

1.33-1.18

+

30

+

62.53- 7-17
+

47.47- 7.81
+

70.35- 10.90
+

N

88
412
72

30

78.52 - 11.29

30

75-73- 11.22

49

30

80.15 2:. 10.55

41

+

95

I

BI-6
BI-7

61.90 2:. 4.20

B'- 8

~2.27

2:. 1.18

TB-1

41.23 2:.1.82

TB-2

~.40 2:. 0.78

DB-1
DB-2
RB-1
RB-2
RB-3

I

I

+

+

52,87- 5.68

30

+

47.13- 4.03

30

+

72.26- 9.43

30

72.48 2:. 10.17

30

-

-

-

-

-

•'

212
368
127
132

-

+
+

6.67 -

3.90
+

12.60 -

5.90

+

4.17- 3.26
+

3-93- 2.43
+

8.09 -

0.73
+

12.24 -

4.24

+

13.50- 3.54
+

4.50- 0.71
+

4.00- 4.24

30
30
30
30
33
17
2
2
2

+

55.53- 4.39
+

50.08- 5.40
+

74.69 -

8.99

+

78.64- 10.53
+

47.17- 7.38
+

30.72- 6.12
+

44.81- 16.90
+

82.56- 3.64
+

54.88- 18.72

200
375
125
118
254
149
27
9
8

!

Table 2

Acropora palmata
Acropora cervicornis
Agaricia spp.
Diploria ~trigosa
Diploria clivosa
Montastrea annularis
Montastrea cavernosa
*Millepora complanata
Porites asteroides
Porites porites

* Hydro-coral

Table 3
Urchins Feeding
On Coral
N

25

Urchins Feeding
On Algae

25

Mean Urchin Size + S.D.
-

47.57 -+ 4.43

49.17 -+ 3.56

Mean Gonad Index + S.D.

4.89 -+ 1.13

5.03 -+ 2.09

-

I

I
i
l

!

Table 4

Replicate II 1
Cage Type

Urchin
2
Density/m

Mean Size (mm)
-+ S.D.

Mean % Feeding
On Live Coral
±S.D.

N

Low Coral

5

45.83 + l . 63

High Coral

5

43.81 -+ 3.30

Low Coral

25

43.96 -+ 2.33

High Coral

25

45.10 -+ 2.21

Low Coral

5

41.42 + l . 35
-

High Coral

5

43.60 -+ 2.61

50.00 -+ 21. 33

12

Low Coral

25

41.23 -+ 2.75

2.50 -+ 3.52

12

High Coral

25

42.22 -+ 2. 80

43.50 -+ 10.81

12

-

0

10

35.00 + 25.17

-

0
42.00 -+ 8.33

10
10
10

Replicate #2

0

12

Table 5

Area

Urchin
Size (mm)

Time
Followed
(days)

N

Percent of
Times Returned
To Home

Estimate of
Grazing
Range (em:

BI-1

66

22

11

92

61.88

BI-1

35

12

8

0

87.50

BI-3

81

17

10

100

66.67

BI-3

83

17

10

100

60.56

BI-4

90

16

9

100

45.00

BI-5

79

10

6

40

51.00

BI-5

107

15

8

100

95.00

BI-5

lOl.r

15

8

100

64.29

BI-7

48

7

7

0

80.00

BI-7

50

7

7

0

50.00

Table 6
Size
Class

Prey
Type

Freq.

Observed
Freq.

Algal Turf

•25

. 70

Macro-algae

.25

.20

Coral

•25

.10

Coralline

. 25

0

Exp.

--- ---------

Small
45 mm)

(<

Medium
(45-60 mm)

Large
() 60 mm)

Algal Turf

. 25

.90

Macro-algae

. 25

0

Coral

.25

.10

Coralline

•25

o·

Algal Turf

. 25

.90

Macro-algae

. 25

.10

Coral

.25

0

Coralline

. 25

0

x2

=

135

P(0.005

x2

=

228

P<o.oo5

x2

=

228

P<0.005

Figure Legends

Fig. 1- Locations of the main study sites at Buck Island
and Tague Bay, St.

Croix, U.S. Virgin Islands.

Fig. 2- Pictures showing scars on live coral from predation
by Diadema.

Dark portion is live coral; white sec-

tions are scars left by recent predation.
a) Diploria strigosa.

Small dark spots are nails

used as baseline markers to measure the advance
of the predated area.
b) Diadema feeding on Diploria strigosa.
Fig.

3- Mean percent cover (grand mean) + standard error
for benthic components for main study sites

(BI and

TB based on quadrats) and comparative sites

(DB and

RB based on chain transect data).

N=30 for all BI

and TB sites. N=33 for DB-1, N=lO for DB-2, N=2 for
for RB-1, RB-2 and RB-3.
a) live coral
b) algal turf
c ) macro-algae
d)

coralline algae

e)

sand

f) spatial heterogeneity indices for all study sites.
N=lO for all BI and TB sites, N=33 for DB-1, N=20
for DB-2, N=2 for RB-1, RB-2 and RB-3.

Fig.

4-

Me~n

urchin size (log scale) plotted against the

number of urchins per meter square.

Closed cirles

represent winter data, open cirles are summer data,
squares are Discovery Bay points and triangles are
Robin Bay data.

This relationship is represented by

a pooled regression line, log y
p
Fig.

<<

= 1.930

- 0.023 x,

0.001.

5- Mean percent of the feeding population of Diadema
that was feeding on live coral for all areas in both
winter and summer.

Shaded areas are summer values,

unshaded areas are winter values.

Two-way ANOVA

showed a significant difference (P( 0.05) between
seasons. N=3 for all areas.
Fig.

6- Mean algal turf biomass for all areas in winter
(unshaded areas) and summer (shaded areas).

Two-way

ANOVA showed significant differences between seasons
( P ( 0 . 0 5 ) an d are as ( P ( 0 . 0 0 5 ) .
Fig.

N=3 f o r a 11 are as .

7- Algal biomass (log scale) plotted against the urchin
density for field (closed circles) and experimental
(open circles) conditions.

Field data is represented

by the regression, logy= 1.838- 0.042 x,

(P(O.OOl).

Experimental relationship is described by the regression,
logy= 2.231- 0.030 x,

(P(O.OOl).

Slopes of the

two lines were found to be not significantly different-o;r-AN~D~A~.----------------------------------------------------------

Fig.

8- Ranks of urchin size plotted against ranks of algal
abundance at the same areas.

There is a significant

positive correlation between urchin size and algal
abundance (P<O.OOl, Kendall's coefficient of rank
correlation).
Fig. 9- Emlen curves in which the mean percent availability
of a food item is plotted against the mean percent
eaten.(percent of the feeding urchin population feeding on that item).

The line with a slope of +1.0

passing through the origin represents feeding on an
item with respect to its availability.

Points above

this line represent preference, those below show
avoidance.

Closed circles are data from the BI and

TB areas, squares represent DB-2 data, triangles are
DB-1 data.
a) algal turf
b) live coral
c) macro- algae
d)
Fig.

coralline algae

10- Estimates of algal primary productivity based on
0

2

uptake in light and dark plexiglass domes in cages

with different

d~nsities

of the experiment.

of urchins over the course

Two-way ANOVA over times and

treatments showed significant differences between
times

(P(0.005)

and treatments

(P(O.Ol).

, Fig. 11- Numbers of algal species surviving in cages with
different densities of urchins after 302 days.
Circles are the raw data, triangles represent means.
Orthogonal polynomial ANOVA showed a significant
difference between treatments
n i f i c ant quadrat i c t rend ( P

(P<0.005)

<0 . 0 0 1 ) .

and a sig-

The 1 in e a r

trend was not significant.
Fig.

12- Diagramatic representation of a model of the control
of Diadema populations and their effects on the benthic
algal community.
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